INTRODUCTION
Muscular dystrophy (MD) is a disease characterized by skeletal muscle degeneration owing to myofiber necrosis followed by progressive accumulation of fibrotic tissue (1) . Necrosis of myofibers in dystrophic skeletal muscle causes an inflammatory response resulting in secretion of multiple cytokines and growth factors, typically produced by macrophages, fibroblasts and surrounding viable myofibers (2) . This enhanced cytokine profile is a two-edge sword, as it promotes resident satellite cell activation to repair the damaged fibers, while at the same time inducing fibroblast activation and fibrosis, as well as detrimental signaling in the remaining myofibers that likely leads to cell death (3 -5) .
Transforming growth factor (TGF)-b has emerged as a primary secreted factor underlying the fibrotic response in MD. TGFb is upregulated in dystrophic muscles from human patients and animal models (6 -9) , and inhibition of systemic TGFb with a monoclonal blocking antibody reduces fibrosis and muscle pathology in MD (10, 11) . These observations suggest that TGFb is a central effector of MD, although the role that TGFb plays in the disease process is not characterized at the level of individual cell types within the muscle (i.e. myofibers versus fibroblasts).
Resident fibroblasts directly respond to TGFb to initiate fibrosis, and their continual activation promotes the progressivity of MD over time (12) . TGFb also negatively affects skeletal muscle regeneration by exerting direct inhibitory effects on the resident * To whom correspondence should be addressed at: Cincinnati Children's Hospital Medical Center, 240 Albert Sabin Way, MLC7020, Cincinnati, OH 45229, USA. Tel: +1 5136363557; Fax: +1 5136365958; Email: jeff.molkentin@cchmc.org stem cell pool (satellite cells) (13, 14) . TGFb can inhibit differentiation of myoblasts into myotubes in culture, and attenuation of TGFb activity improves the physiologic response of satellite cells following injury, leading to better regenerative capacity in vivo (2, 15, 16) . However, TGFb signaling is also important for myoblast proliferation and formation from satellite cells, indicating important physiologic roles for this cytokine in proper muscle development (17, 18) . While skeletal muscle myofibers and myoblasts express the TGFb receptors and are direct targets of TGFb signaling, the contribution that TGFb signaling plays at the level of the myofiber to the dystrophic disease phenotype has not been directly analyzed. In the present study, we elucidate for the first time the role of adult myofibers as primary responders to TGFb signaling in the dystrophic disease process. We show that specific inhibition of TGFb signaling only in myofibers of adult skeletal muscle is sufficient to mitigate MD and improve skeletal muscle regeneration.
RESULTS

Generation of dominant-negative TGFb-receptor type II-expressing transgenic mice
TGFb is produced and activated in skeletal muscle during injury or in MD, where it is known to negatively affect aspects of healing and regeneration as well as promote fibrosis and disease (9, 19) . Here, we generated transgenic (TG) mice expressing the well-characterized TGFb type II receptor dominant-negative (dnTGFbRII) truncation mutant to block TGFb signaling specifically at the level of the myofiber using the skeletal a-actin muscle-specific promoter (Fig. 1A) . This dominant-negative receptor lacks the intracellular kinase domain, yet it still effectively dimerizes with TGFb type I receptors, thereby generating inactive complexes (20) (21) (22) . Two independent TG lines were generated with high (TG line 2) and medium (TG line 1) expression (Fig. 1B) . In line 1, which was selected for more in-depth analysis, we observed dnTGFbRII expression in every skeletal muscle analyzed but not the heart (Fig. 1C) . H&E and Masson's trichrome-stained histological sections showed no obvious phenotype in the muscles of dnTGFbRII TG mice compared with wild-type (WT) littermates (Fig. 1D) . Also, we did not observe changes in muscle weights normalized to tibia length at 6 months of age or in fiber size owing to the transgene (data not shown). Analysis of myofiber central nucleation showed a small increase in the quadriceps and tibialis anterior (TA) from TG mice at 6 months of age, although the other muscles analyzed showed no significant change (Fig. 1E ). These subtle alterations in myofiber central nucleation are likely non-pathologic and may be the result of greater satellite cell activity, especially because dnTGFbRII TG mice had slightly but significantly better grip strength compared with WT littermates at both 2 and 6 months of age (Fig. 1F) . Thus, expression of the dnTGFbRII on skeletal muscle fibers/ myoblasts did not induce overt pathology although it did appear to slightly alter the physiology of the muscles in a more adaptive profile.
To address the in vivo effectiveness of the dnTGFbRII transgene, we isolated primary myofibers from the extensor digitorum longus (EDL) muscle of TG versus WT mice and stimulated them with TGFb for analysis of phospho-SMAD3 levels and nuclear accumulation. The data show robust activation in WT myofibers, but almost no activation in myofibers from the TG mice (Fig. 1G) . Importantly, muscle interstitial cells (mostly fibroblasts) and isolated myoblasts from these same two groups of mice showed equal activation of SMAD3 phosphorylation in response to TGFb, indicating that the dnTGFbRII transgene had no residual inhibitory effect on these cell types from muscle (Supplementary Material, Fig. S1A and B) .
Myofiber-specific inhibition of TGFb signaling mitigates MD histopathology
To assess how the myofibers contribute to TGFb-dependent MD, we crossed the dnTGFbRII transgene into the d-sarcoglycannull (Sgcd 2/2 ) genetic background, the latter of which is a mouse model with fulminant dystrophic disease (23, 24) . We first confirmed activation of TGFb in the Sgcd 2/2 model of MD by ELISA (Supplementary Material, Fig. S2 ) as well as showed that the dominant-negative receptor blocked SMAD3 phosphorylation in myofibers from these dystrophic mice, which is normally highly activated with MD ( Fig. 2A and B) (9, 25) . Interstitial cells showed equal SMAD3 phosphorylation levels from muscle of WT versus TG mice, again suggesting specificity of the transgene for TGFb signaling within the myofibers (Fig. 2B) . Inhibition of TGFb signaling with this transgene reduced histopathology in Sgcd 2/2 mice ( Fig. 2C ) with a normalization of the pseudohypertrophy typically observed in the quadriceps, gastrocnemius and TA (Fig. 2D) , as well as a significant reduction in central nucleation in every muscle analyzed except the diaphragm (Fig. 2E) . The slightly less-potent effect in diaphragm and soleus is likely due to the lower expression of the transgene in those muscles owing to the greater content of slow fibers, where the skeletal a-actin promoter is less active (Fig. 1C) . Despite these protective histologic features associated with inhibition of TGFb signaling within the myofibers, quantification of total muscle fibrosis by analysis of hydroxyproline content revealed no significant changes in the Sgcd 2/2 mice with or without the transgene (Fig. 1F) Fig. S3 ). These observations suggest that the primary role of TGFb signaling in the myofibers is independent from the wellestablished pro-fibrotic effect of TGFb, which is likely more dependent on fibroblasts that do not express the dominant-negative transgene.
Myofiber-specific inhibition of TGFb improves MD by enhancing membrane integrity
Here, we subjected mice to forced treadmill running to assess whether the observed improvement in histopathology conferred by the muscle-specific dnTGFbRII transgene correlated with functional benefits. Indeed, Sgcd 2/2 mice with the dnTGFbRII transgene showed a restoration of their ability to run on a treadmill comparable with WT control mice at both 2 and 6 months of age, whereas Sgcd 2/2 mice alone were severely compromised (Fig. 3A) . In addition, Sgcd 2/2 TG mice showed a significant reduction in total serum creatine kinase (CK) levels at 2 and 6 months of ages compared with Sgcd 2/2 mice, suggesting less myofiber membrane ruptures and ongoing myofiber necrosis (Fig. 3B ). To further investigate membrane integrity, we employed the Evans blue dye (EBD) uptake assay after forced treadmill running. Using this assay, Sgcd 2/2 mice showed as much as 30% fiber positivity, whereas WT mice showed no signal ( Fig. 3C and D and data not shown). However, the presence of the dnTGFbRII transgene dramatically reduced EBD uptake in the muscles of Sgcd 2/2 mice, suggesting enhanced membrane stability ( Fig. 3C and D) . To more directly and acutely evaluate membrane integrity, we employed an assay in which FM1-43 fluorescence dye entry was assessed in isolated myofibers from the flexor digitorium brevis (FDB) after laser-induced damage. Compared with WT control, fibers from Sgcd 2/2 mice showed significantly greater fluorescence dye entry, which is a typical feature of dystrophic fibers and their greater membrane fragility ( Fig. 3E and F) . However, the presence of the dnTGFbRII transgene rescued the membrane fragility in Sgcd 2/2 mice, bringing the levels back to WT control ( Fig. 3E and F) . These results collectively suggest that inhibiting TGFb signaling specifically in myofibers increased cell membrane stability in the context of MD.
Myofiber-specific inhibition of TGFb protects skeletal muscle from acute injury To more directly assess myofiber integrity and regenerative potential associated with the dnTGFbRII transgene, we used cardiotoxin (CTX) to acutely injure and cause focal necrosis of the TA muscle. H&E-stained histological sections showed improved muscle architecture with less myofiber death and more newly forming nascent myofibers in TG muscles compared with WT controls 5 days after CTX injury, which also protected against loss in muscle weights ( Fig. 4A and B) . By Day 14, WT muscle had fully recovered from the injury event, similar to TG muscle (Fig. 4A) . New myofiber generation after CTX injury is driven by resident satellite cells that ultimately differentiate into mature myofibers (26) . Both newly formed and repaired myofibers re-express developmental proteins such as embryonic myosin heavy chain (eMHC), which is typically used as a marker for this process. Evaluation of eMHC re-expression upon CTX injury revealed higher levels in dnTGFbRII TG muscles compared with WT controls (Fig. 4C and D) . The enhanced profile was associated with increased satellite cell numbers in TG fibers from the EDL (Supplementary Material, Fig. S4A ), which was confirmed by increased expression of the satellite cell marker Pax7 from total muscle extracts (Supplementary Material, Fig. S4B ). These results confirmed that inhibiting TGFb signaling in myofibers not only protects some fibers from degeneration in the first place (greater membrane stability) but it also enhances satellite cell numbers and activity, leading to an improved regenerative profile after acute injury.
Altered metallothionein expression underlies TGFb effects on myofibers
To examine the mechanism whereby muscle-specific inhibition of TGFb signaling is protective, we performed a genome-wide transcriptome analysis of dnTGFbRII TG and WT control muscles by RNA-seq (Supplementary Material, Table S1 ). This analysis revealed metallothionein (Mt) family members (Mt1, Mt2 and Mt3) as the most highly upregulated genes in muscle from dnTGFbRII TG mice, which was confirmed by quantitative PCR (Fig. 5A-C) . Mts are pro-regenerative and antioxidant proteins involved in protection against free radicals and heavy metals (27 -29) . Interleukin-6 (IL6) and zinc are known to induce Mt expression (29) , a feature that we utilized to better evaluate the mechanistic linkage with TGFb signaling. C2C12 myotubes were treated with recombinant TGFb, with or without zinc or IL6. TGFb was sufficient to inhibit expression of Mt1, Mt2 and Mt3 at baseline and following exposure to the inducers zinc and IL6 (Fig. 5D -I) .
Inhibition of both canonical and non-canonical TGFb pathways by adenoviral-mediated overexpression of the inhibitory SMAD6/7 protein or dominant-negative MKK3/6 adenoviruses [inhibit p38 mitogen-activated protein kinase (MAPK)] produced an enhanced profile of Mt1-3 gene expression following Zn and Zn + TGFb treatment (Fig. 6A-C) . However, inhibition of extracellular signal-regulated kinases 1/2 (ERK1/2) with a dominantnegative MEK1 adenovirus was ineffective, whereas inhibition of c-Jun N-terminal kinases 1/2 (JNK1/2) with adenovirus expressing dominant-negative mutant proteins was only partially effective (Fig. 6A-C) . The dnMKK3/6 adenoviruses also induced Mt1 and Mt2 expression at baseline (Fig. 6A-C) . Finally, considering the antioxidant properties of Mts, we examined whether TGFb affects reactive oxygen species (ROS) levels in C2C12 cells. To this end, equal numbers of myotubes were treated with TGFb or vehicle control and ROS were measured by dihydroethidium (DHE) staining, which showed a significant increase with TGFb treatment (Fig. 6D and E) . Collectively, these results suggest that TGFb signaling utilizes both canonical and non-canonical pathways to regulate Mt expression in muscle cells, with an associated ROS component.
Treatment with Mt mimetics protects skeletal muscle upon injury in vivo
Increased ROS is a signature of MD that can contribute to membrane fragility and subsequent myofiber necrosis (1, 30, 31) . Here, we quantified ROS by DHE staining and observed that skeletal muscle from Sgcd 2/2 mice had an increased ROS signature that was significantly reduced by the dnTGFbRII transgene ( Fig. 7A and B) . Given the prominent induction of Mts associated with the dnTGFbRII transgene, we treated mice with an Mt mimetic, EMTIN B after CTX injury (Fig. 7C) (32) . Treatment with EMTIN B protected the injured muscles and improved their regenerative capacity (Fig. 7D -G) , reproducing many of the protective features of the dnTGFbRII transgene. We then evaluated the efficacy of an EMTIN B-enriched antioxidant mixture (AO) to protect isolated dystrophic fibers upon laser injury. The EMTIN/AO mix dramatically protected the Sgcd 2/2 fibers from rupturing after laser injury suggesting increased membrane stability (Fig. 7H and I ). Taken together, these results reveal a mechanism whereby TGFb-mediated pathology at the level of the myofiber regulates membrane integrity through a ROS-dependent mechanism.
DISCUSSION
TGFb signaling underlies diverse cellular functions such as proliferation, differentiation, cell death and motility (33) . The exact biologic response to TGFb depends on the cell type and the context in which the signal is received (33) . Although enhanced TGFb activity is associated with MD and inhibition of its signaling has been proposed as a therapeutic strategy in this disease (2, 34, 35) , the known mechanisms of action for this cytokine are highly pleiotropic with a number of beneficial effects; hence, a more cell-type selective inhibitory strategy might be necessary. Our results provide the first evidence that myofibers are central mediators of the deleterious effects associated with TGFb signaling in skeletal muscle, both during acute injury of skeletal muscle and during MD.
Unlike post-mitotic tissues with little regenerative capacity, such as the heart or the brain, skeletal muscle robustly regenerates after injury owing to the activity of resident satellite cells (26) . However, during MD, skeletal muscle regeneration progressively becomes impaired and excessive TGFb activation and signaling is thought to be a primary mechanism underlying this effect (2) . TGFb can inhibit the activity of myoblasts to differentiate in culture, as well as mediating a progressive fibrotic response that eventually restricts the activity of satellite cells to form nascent myofibers (12, 13) . However, we did not observe differences in collagen deposition in our dnTGFbRII TG mice crossed to the Sgcd 2/2 model of MD, in agreement with an unchanged profile of TGFb signaling in interstitial cells. Excessive TGFb signaling also appears to enhance the death of skeletal muscle precursor cells and myoblasts, possibly through activation of p38 MAPK and/or JNK1/2 (36-39). Our observation that inhibition of TGFb signaling at the level of the myofiber enhances membrane stability, thus lessening myofiber degeneration and even death with CTX injury, is consistent with past observations of less cell death or enhanced regeneration when TGFb signaling is dampened (2, 40, 41) . Preservation of membrane integrity is also crucial for skeletal muscle regeneration. Indeed, interaction between integrins on myofiber membranes and laminins in the matrix is crucial for proper satellite cell adhesion to the myofiber and for fusion of myoblasts with injured fibers (42) .
Oxidative stress and ROS formation are important contributors to membrane fragility in the pathology of several of the MDs (30, 31) . Moreover, TGFb signaling, which is enhanced in MD, is known to enhance ROS formation (43) (44) (45) (46) . Our unbiased expression analysis by RNA-seq revealed the Mts as being dramatically upregulated by the dnTGFbRII transgene, although many other candidate genes were also changed in expression suggesting additional mechanisms at play. However, Mts appear to favor regeneration in both brain and heart (47-49), and their antioxidant properties appear to be a main determinant in protecting tissue from injury as well as enhancing regenerative activity by creating a more favorable environment for stem cells (50, 51) . Indeed, we observed that TGFb had a direct inhibitory effect on both baseline and induced Mt expression and that inhibition of TGFb signaling within the myofibers reduced ROS levels and was protective. We also showed that TGFb treatment was sufficient to elevate ROS in C2C12 cells. Treatment of mice with EMTIM B promoted greater recovery after acute injury with CTX, and an EMTIM B antioxidant cocktail directly protected the degree of muscle membrane injury after acute laser damage. These results suggest that a properly formulated antioxidant therapy might protect MD patients during the course of their disease. However, clinical trials in humans have thus far failed to conclusively show efficacy of an antioxidant approach (52, 53) . These negative findings may be due to, in part, a lack of understanding of the precise mechanism responsible for ROS elevation and the ensuing cellular damage in skeletal muscle or it is possibly due to an ineffective therapeutic regimen to fully extinguish ROS in the proper locations where oxidative damage is most central to the disease.
Our data show that the myofibers are central mediators of the deleterious aspects of TGFb signaling in muscle. TGFb appears to enhance the ROS status within skeletal muscle fibers, which increases membrane fragility, leading to greater myofiber necrosis, and also reduced levels of effective satellite cell activity with regeneration. Hence, while global TGFb inhibition may not be a desirable therapeutic strategy for treating human MD, in part owing to adverse systemic side effects as well as owing to inhibiting some beneficial aspects of TGFb signaling within muscle, our results suggest that targeted inhibition of TGFb at the level of the myofibers would be beneficial and protective against dystrophic disease.
MATERIAL AND METHODS
Ethics statement
All animal procedures and usage were approved by the Institutional Animal Care and Use Committee of the Cincinnati Children's Hospital Medical Center, protocol 2E11104. No human subjects were used or human tissue or cells.
Animals
A modified human skeletal a-actin promoter (54) was used to create TG mice overexpressing a truncated TGFb type II receptor mutant (dnTGFbRII) (20) . Two TG lines were generated and analyzed for experiments. Sgcd -/ -mice were described previously (24) .
Western blotting, ELISA and hydroxyl-proline assay
Western blot analysis of skeletal muscles homogenates was performed using standard procedures. TGFbRII was detected using an antibody purchased from Santa Cruz Biotechnology (sc-33929). ELISA assays were performed on muscle homogenates using an ELISA kit for TGF-b1 purchased from R&D Systems (SMB100B). Hydroxyproline content was performed as previously described (55) .
Fiber isolation and cell culture
Muscle fibers were isolated by incubation of the EDL muscle in 0.2% collagenase (Type I, Sigma -Aldrich, C-0130) for 1 h after careful removal of the fascia. Following collagenase treatment, muscles were transferred to DMEM (Gibco Invitrogen Life Technologies; 11995065) containing 10% horse serum and triturated to release individual fibers. Interstitial cells were obtained from the EDL fiber isolation procedure by plating the supernatant derived after trituration and seeding of the fibers. Myoblasts were obtained by culturing isolated fibers in ECL Cell Attachment Matrix (Millipore, 08-110)-coated dishes for 3 days in F12 medium containing 10% bovine growth serum. Fibers, interstitial cells and myoblasts were treated with 10 ng/ml of recombinant TGFb (R&D Systems; 101-b1-010) for 20 min prior to being processed for immunostaining. C2C12 cells were differentiated into myotubes in DMEM containing 2% horse serum. Forty-eight hours post-induction of differentiation, cells were treated with 10 ng/ml of recombinant TGFb or 40 ng/ml recombinant IL6 (PeproTech; 216-16) for 15 h, and 100 mM ZnSO 4 for 6 h. Overexpression of SMAD6, SMAD7, dnJNK1, dnJNK2, dnMKK3, dnMKK6, dnMEK1 or b-galactosidase was performed by recombinant adenoviral infection in differentiated C2C12 myotubes for 4 h the day before applying specific treatments. For ROS quantification, cells were incubated with DHE for 10 min at 378C, and red fluorescence was visualized immediately afterward.
Histological analysis and immunohistochemistry
Muscles were paraffin-embedded and 5-mm histological sections were cut at the center of the muscle and stained with H&E or Masson's trichrome. Immunohistochemistry for eMHC was performed on cryosections within optimal cutting temperature compound (OCT)-embedded muscles using the antibody BF-G6 from Developmental Studies Hybridoma Bank. Antibody for laminin was purchased from Sigma -Aldrich (L9393). Antibody for vimentin (Sigma-Aldrich, V5255) was used to label interstitial cells whereas antibody for MyoD (BD Biosciences, 554130) was used to identify myoblasts. For ROS quantification, cryosections were incubated with DHE for 10 min at 378C. Satellite cells were visualized in isolated EDL fibers using the antibodies against CD34 (rat anti-mouse CD34 monoclonal antibody; eBioscience, RAM34 14-0341-82) and Pax7 (mouse anti-chicken Pax7 monoclonal antibody; Developmental Studies Hybridoma Bank). Quantitation was performed on fibers fixed in 4% paraformaldehyde for 20 min at room temperature, washed three times for 20 min each in PBS, pH 7.4 and processed for immunohistochemistry. Absence of endothelial contamination was confirmed by staining with rat anti-mouse CD31 antibody (BD Biosciences; Clone MEC 13.3). Wheat germ agglutinin-TRITC was also used to show fiber outlines in the Phospho-SMAD3 immunohistochemistry experiments; nuclei are shown in blue with DAPI. mRNA expression analysis RNA was extracted from muscles and C2C12 cells using the RNeasy Kit according to manufacturer's instructions (Qiagen). Quadriceps-derived samples from two separate mice per group were submitted for RNAseq (University of Cincinnati sequencing and genome analysis core laboratory). For RNAseq data analysis, P-values were calculated using a negative binomial statistical model as implemented in DESeq [Bioconductor version: Release (2.14)], meanwhile false discover rates were used to obtain the adjusted P-values. For qPCR assays, RNA samples were retrotranscribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Selected gene differences were analyzed by real-time qPCR using SYBR green (Applied Biosystems). Quantified mRNA expression was normalized to Rpl7 and expressed relative to WT or untreated C2C12 controls.
Forced treadmill running and grip strength evaluation
Mice were placed in individual lanes of an electrically driven four-lane treadmill (Omni-Pacer LC4/M; Columbus Instruments International) at the speed of 6 m/min for 3 min. The treadmill measured 19 inches wide by 20 inches in length, with a conveyor belt measuring 3 inches wide by 12 inches in length. A training regimen was first instituted for 10 min to familiarize the mice with the environment and shock grids (adjustable from 0 to 2.0 mA). The speed was increased in increments of 2 m/min every 3 min to a maximum speed of 22 m/min. Exhaustion was assessed as .5 consecutive seconds on the shock grid without attempting to reengage the treadmill. Time spent on the treadmill before exhaustion or time to complete the protocol was recorded as average maximum time spent in exercise. The treadmill regimen was performed downhill. Grip strength test was performed using the Chatillon model DFIS-2 digital force gauge, and each animal was assessed 5 times consecutively on a given day.
CTX injury
CTX derived from Naja mossambica (Sigma) was dissolved in sterile saline to a final concentration of 10 mM, divided into aliquots and stored at 2208C. Mouse legs were shaved and cleaned with alcohol, and then, the TA muscle was injected with 50 ml of this CTX solution through a 26-gauge needle. EMTIN B (peptide SAGSCKCKESKSTS) was synthetized by Selleck Chemicals, dissolved in PBS and used intramuscular (50 ng/TA) once a day for 3 consecutive days post-CTX injury. PBS was used with the same regimen as vehicle control.
Laser-induced membrane injury assay FDB muscles were excised from the foot and processed for laserinduced membrane injury assay as previously published method (56) . The experiment was performed with and without adding EMTIN B at 10 ng/ml and an antioxidant supplement (A1345, from Sigma -Aldrich) on isolated fibers.
EBD uptake
Mice were injected with EBD (10 mg/ml, 0.1 ml/10 g body weight) and subjected to forced treadmill running 12 h later. Mice were then sacrificed, and quadriceps were embedded in OCT and snap-frozen in liquid nitrogen for viewing as previously described (57) .
Statistics
All results are presented as mean + SEM. Statistical analysis was performed with unpaired two-tailed t-test (for two groups) and one-way ANOVA with Bonferroni correction (for groups of three or more). P-values of ,0.05 were considered significant.
